In the first part of this article we experimentally show that contrast between the very thin layers of La and B enables close to theoretical reflectance. The reflectivity at 6.8 nm wavelength was measured from La/B multilayer mirrors with period thicknesses ranging from 3.5 to 7.2 nm at the appropriate angle for constructive interference. The difference between the measured reflectance and the reflectance calculated for a perfect multilayer structure decreases with increasing multilayer period. The reflectance of the multilayer with the largest period approaches the theoretical value, showing that the optical contrast between the very thin layers of these structures allows to experimentally access close to theoretical reflectance. In the second part of the article we discuss the structure of La/B and LaN/B multilayers. This set of multilayers is probed by hard X-rays (λ = 0.154 nm) and EUV radiation (λ = 6.8 nm). The structure is reconstructed based on a simultaneous fit of the grazing incidence hard X-ray reflectivity and the EUV reflectivity curves. The reflectivity analysis of the La/B and LaN/B multilayer mirrors shows that the lower reflectance of La/B mirrors compared to LaN/B mirrors can be explained by the presence of 5% of La atoms in the B layer and 63% of B in La layer. After multi-parametrical optimization of the LaN/B system, including the nitridation of La, the highest near normal incidence reflectivity of 57.3% at 6.6 nm wavelength has been measured from a multilayer mirror, containing 175 bi-layers. This is the highest value reported so far.
Introduction
One of the possible wavelengths for the next generation EUV lithography is around 6.8 nm [1] [2] [3] [4] . To maximize the multilayer reflectance it is required to select materials with the highest possible optical contrast and the lowest possible absorption for the selected wavelength. The most commonly used multilayer material combinations for normal incidence reflectance at this wavelength, just above the boron K α absorption edge, are Mo/B 4 C or La/B 4 C [1, 5] .
Due to their good thermal stability, Mo/B 4 C multilayer mirrors are often considered for applications using high power soft X-ray light sources, for example X-ray free electron lasers [6] . However, according to their bulk optical properties, La-based multilayers show a higher reflectance than Mo-based multilayers and are therefore better candidates for applications that require a high photon transmission such as EUV lithography. La/B 4 C multilayer mirrors have also been studied for application in X-ray fluorescence spectroscopy [7] , in particular for boron detection [8] .
To increase the multilayer reflectivity further, B 4 C should be replaced by boron since this is the optically preferable material in combination with La. The boron rich compound B 4 C has been selected previously over boron because of its higher electrical conductivity [9] which simplifies deposition with commonly used DC magnetron sputtering techniques. Boron, being a semi-conductor at room temperature, is usually deposited by RF magnetron sputtering, but DC magnetron sputtering sources can be employed for boron when the target is heated above 400°C [10] , where the conductivity improves sufficiently.
Normal incidence reflectance calculations made with IMD [11] , using measured optical constants for B [12] and B 4 C [13] , assuming a typical 0.3 nm rms roughness value for each interface and 200 period multilayers, show that La/B can reflect 7% more at 6.8 nm wavelength compared to La/B 4 C. Reflectivity gain by replacing B 4 C by B is experimentally demonstrated for 50 period La/B 4 C and La/B multilayers with a period of 3.5 nm showing 7% and 10% normal incidence reflectance at λ = 7 nm respectively. However, replacement of B 4 C with a more boron rich boron-carbide is not always beneficial for reflectivity. Andreev et. al. [14] reported 38% reflectivity for La/B 9 C multilayer mirrors, lower than the 44% reflectivity reported for La/B 4 C in the same work. This boroncarbide example shows that differences in growth properties of the different materials can have a large impact on optical performance and may negate any theoretically expected improvements.
In the first part of this paper we discuss the potential of the optical contrast of the La/B material combination to reach high EUV reflectance by analysing the measured EUV reflectivity from multilayer stacks with different period thickness for various angles of incidence.
The second part of the paper describes the current state of our La/B-based multilayer mirrors. It has been reported that nitridation of La in La/B 4 C multilayer mirrors increases the multilayer reflectivity [2] . This increase is assumed to be caused by the nitrogen passivation of the lanthanum preventing or mitigating lanthanum-boride formation. This can also be applied when B is used instead of B 4 C. We will present the reflectivity and analysis of the structure of La/B and LaN/B stacks deposited for normal incidence of 6.8 nm EUV radiation. Here we analyse the multilayer structures in order to study the structural effects of the lanthanum nitridation in B based multilayers. We compare two ways of La nitridation: N-ion post treatment of the La layers and reactive magnetron sputtering of La using a N 2 and Ar gas mixture.
Optical contrast between La and B layers
In this paragraph we will discuss the reflectance of 40 period La/B multilayer stacks with different period thicknesses. To avoid run-to-run variations in the deposition process, all samples have been deposited in one deposition run, using a vapour-mask to vary the deposition flux. The mask enables the deposition of multilayer stacks with periods ranging from 7.8 nm to 3.2 nm. To minimize shadowing effects and simplify the mask design the electron beam evaporation technique has been used. Deposition is controlled using in situ soft X-ray reflectivity of C-K radiation from the sample in the centre of the substrate holder [15] .
The multilayers have been characterized using at-wavelength reflectometry at the Physikalisch Technische Bundesanstalt (PTB) in Berlin [16] using radiation of the electron storage ring BESSY. The angle of incidence, given with respect to the surface normal, is selected to have the maximum reflectance at 6.8 nm for each sample. The results are presented in Table 1 and plotted in Fig. 1 . We compare the measured reflectivity to the theoretical maximum reflectivity that is calculated for a model of 40 periods La/B without interface roughness, using bulk values for La and B densities and the as-deposited ratio of the La and B layer thickness. Figure 1 shows that the difference between calculated and measured curves decreases with the increase of the thickness of the multilayer period.
The decreasing discrepancy between measured and simulated reflectivity for higher period thickness can be attributed to the influence of interface imperfections. The reflectivity loss caused by interface roughness or intermixture can be described by multiplying the reflectivity from an interface without roughness by the Debye Waller-like correction factor exp(-q 2 σ 2 ), were q is the scattering vector equal to 4πcos(θ)/λ (θ is angle of incidence (AOI) with respect to surface normal, λ is the X-ray wavelength) and σ is an effective interface thickness. According to Bragg's law in its basic form, so without taking the material optical constants into account, the scattering vector q is for the first order reflection equal to 2π/Λ, where Λ is the multilayer period. This indicates that for multilayers with a larger period thickness and the same roughness σ, a lower reflectance loss due to roughness can be expected. Therefore, increasing the period thickness and measuring the reflectivity at a more grazing incidence angle, the effect of interfaces on the EUV reflectivity is minimized. Table 1 . The important result of our analysis is that close to theoretical reflectance values can be obtained experimentally as shown in Fig. 1(d) , confirming that La and B have sufficient optical contrast to achieve high reflectance providing the multilayer interface can be improved.
La/B and LaN/B multilayer structures

Experimental
In this paragraph we analyze the composition of a La/B and two differently produced LaN/B multilayer mirrors. The multilayers are deposited using the magnetron sputtering deposition method described by Yakshin et al. [17] . Here we selected magnetron sputtering because this technique is commonly used for the deposition of multilayer with large number of periods. Two different methods are used to nitridate the La layers: reactive magnetron sputtering of La in a mixture of Ar and N 2 (indicated by La(N)/B) and post treatment of the La layers by N 2 -ions [2] (indicated by La/N/B). For our structural analysis we have deposited 50 bi-layers instead of the 175 required for maximum normal incidence EUV (NIER) reflectance because 50 period stacks suffer less from period variations. The period thickness is optimized for reflectance at 6.8 nm wavelength, close to but sufficiently far from the B-K absorption edge to avoid edge effects in the NIER curve.
The common way to reconstruct the multilayer mirror structure is to fit the grazing incidence hard X-ray reflectivity (GIXR) data, measured typically with CuK α1 radiation. Fitting procedures assume minimization of a merit function by variation of the model parameters: interface roughness, layer density and layer thickness. However, due to the large amount of variable parameters for multilayer structures, the data fit will be complex. Moreover, it is impossible to prove that the obtained fit is the unique solution to the problem.
Combining GIXR and NIER fits increases the consistency of the fits not only because of the increasing amount of experimental data, but also because of the different optical response of the materials to the used hard and soft X-rays. Both measurements are sensitive to the electron density profiles of multilayer periods, but GIXR is less sensitive to the exact atomic composition of the layer (particularly the presence of lanthanum in boron) and the fit suffers less from correlation between structure parameters. Because of the large optical contrast for EUV light between spacer (here B) and reflector (here La) material, the NIER is sensitive to the atomic composition of the layers, particularly for the spacer layer. As a first step in the data analysis, we performed a GIXR data fit, minimizing χ 2 GXIR .The initial guess model for the GIXR data analysis was taken from the deposition design parameters. The best fit model from GIXR analysis was further used as an initial guess model for the simultaneous fit of GIXR and NIER that minimizes the sum χ The data fit was carried out using the model of a multilayer structure presented in Fig. 2 , assuming the multilayer to consist of a B-layer on a Si substrate, N-1 identical periods with N being the number of periods, and finally one bi-layer on the top of the stack. The substrate surface roughness, parameters of the first boron layer, period bi-layer and top bi-layer can be varied separately. The top layer and the substrate are mostly responsible for the reflectivity features observed between the Bragg diffraction peaks in the GIXR curves (Fig. 3 ) and our model should be able to fit this. Physically, parameters of the first boron layer and top period can be different from the periodic layers because of contact to substrate and air respectively. For each layer the layer thickness, density and interface thickness and the atomic composition can be varied during the fit. The interface roughness/diffusion regions are described by dividing the interface area in thin sub-layers with thickness of less than 0.1 nm, creating a linear profile in the optical contrast. This allows bypassing the discussion about the validity of the Debye-Waller or the Nevot-Crosse approximation to describe the GIXR and NIER data. For the calculation of reflectivity curves the transfer matrix formalism [19] was used. The details of data analysis procedure are described in ref [20] .
Measurements and calculations of GIXR using the results of the simultaneous fits are presented in Fig. 3 . To demonstrate the fit quality, the residuals in terms of χ θ = (Ι θ theory -I θ exp )/σ exp are displayed in Fig. 4 together with the value of χ 2 . The small difference in the χ 2 value indicates that the fits can be considered of equal quality. All Bragg maxima are described equally well and the difference in χ 2 values are mainly due to the regions in between the Bragg peaks where the top-bottom of the complete stack and layer aperiodicity are the major factors. The measured NIER spectra as well as the results of the simultaneous fit with the data of Fig. 3 are plotted in Fig. 5 showing a very good agreement. It should be noted that adding the layer stoichiometry to the fitting variables is vital to enable high quality simultaneous fitting of GIXR and NIER. Like in EUV reflectivity modelling in section two, measured La [21] and B [12] optical constants have been used.
Discussion
The results of the simultaneous fit of GIXR and NIER data of the La/B, La(N)/B and the La/N/B multilayers are summarized in Table 2 and in Fig. 6 that displays the reconstructed optical contrast profiles of these three multilayers. These profiles are represented by δ (δ = 1-n with n being the real part of the optical constants) and are calculated for 6.8 nm wavelength. Figure 6 shows that the La/B multilayer has the lowest optical contrast which results in a reflectance of only 10.5% (Fig. 5) . Furthermore, Table 2 shows that the B layer in the La/B stack has a high density of 2.9 g/cm 3 compared to its bulk value of 2.1 g/cm 3 . This can be explained by the presence of 5 at.% La in the B layer. The La layer density of 5.2 g/cm 3 is rather low compared to the 6.17 g/cm 3 for bulk material, most likely caused by 63 at% of B in the La layers (see Table 2 ). The huge amount of B in La layer can be explained by dramatic intermixing of La and B. However, one should be careful with the obtained absolute value since the fit is not very sensitive to the B in La concentration. The La contamination in the B layer has a more dramatic effect on the optical contrast than B in La, therefore, the fit is much more sensitive to the presence of La in B than B in La. The interface asymmetry that is detected indicates that the B-on-La interface region is thicker than the La-on-B interface, which can be explained by island growth of the La layer leading to a thicker interface region when B grows on it. Table 2 shows that only 30% of the La/B period consists of layers with constant atomic composition and density, or in other words is not a part of the interface region. This also shows the relatively large intermixing. The reconstructed profiles for both LaN/B stacks (Fig. 6 ) confirm that passivation of La with nitrogen, either by post N-ion treatment or by the reactive sputtering of La, increases the optical contrast by preventing the La-B interdiffusion or improving the layer growth properties. However for both multilayers the optical contrast is still lower than for LaN and B layers with bulk properties. According to Table 2 the density of the LaN layer in both multilayers is lower than the bulk value for the stoichiometric LaN which is 6.7 g/cm 3 . This means that the LaN layer should either contain some B or pores to explain the layer density. Because of the small difference between boron and nitrogen optical constants compared to La, the fit is not sensitive to the exact atomic composition of the LaN layer as well as the presence of B in LaN layer. In the initial fitting model the atomic composition of the nitrided lanthanum layer was selected as LaN. During the fit it remains as initially assumed, LaN, for both stacks, La/N/B and La(N)/B, although the composition coefficients were free to vary. Table 2 suggests that in the La/N/B multilayer the boron layers contain 21 at.% of N versus 16 at.% in the La(N)/B multilayer, resulting in a higher than bulk density. This can easily be understood in both cases: although the N-ion treatment in the La/N/B multilayer takes place only after deposition of the La, N-ions can easily penetrate the La and penetrate in the B-layer because of the low La thickness. This is confirmed by TRIM calculations for 150 eV N 2 . In the case of reactive magnetron sputtering for La(N) deposition the plasma creates also nitrogen ions and radicals that can interact with the sample surface as soon as the plasma is created. This creates boron-nitride simultaneously with the first arriving lanthanum particles, potentially changing growth conditions and modifying all important parameters for layer growth. The fact that La(N)/B has a slightly higher optical contrast than La/N/B can be explained by better growth conditions of LaN on B than in the case of La on B.
Both LaN/B multilayers do not show the asymmetry of the interfaces observed in the La/B stack. However no significant reduction of the total interface region is observed. The analysis of the La/N/B stack shows that the thickness of the layers with constant atomic composition and density is increased to about 40% of the period thickness but the La(N)/B multilayer has an even smaller non-interface region than the La/B multilayer. Comparing the two techniques to produce LaN, the only difference observed is that the reactive magnetron sputtering process used here produces a lower amount of nitrogen content in the boron layers at the expense of a slightly larger interface width. The smaller thickness of the interface regions in the La/N/B multilayer compensates the effect of the lower optical contrast compared to the La(N)/B multilayer and as a result both La/N/B and La(N)/B multilayers show comparable near normal incidence EUV reflectance for the analysed 50 period multilayer mirrors. The next step in the development of the stack deposition technology could be the combination of the reactive La sputtering with N-ion post treatment.
High reflectance coatings
In order to demonstrate high reflectance for lanthanum-boron multilayers, the best candidates from the previous set have been scaled up. La(N)/B and La/N/B multilayer mirrors consisting of 175 periods have been deposited to evaluate the achievable normal incidence reflectance around 6.7 nm wavelength. The EUV reflectivity measurements have been performed, similar to measurements for 50 period coatings, at 1.5 degree off normal using s-polarized light.
The measured reflectivity results are presented in Fig. 7 together with simulations based on the model parameters obtained for the 50 period multilayer described in the previous section. No additional fits have been performed. The only difference with the previous section is the number of periods and the period thickness that had to be slightly scaled to match the wavelength of ~6.65 nm. It should be noticed that the model reconstructed for 50 period coating does not take any aperiodicity or roughness evolution during the multilayer growth into account. Fig. 7(b) ]. This increase in the La/N/B reflectance peak width and the slightly larger Kiessig fringe oscillations can be simulated by a decrease in the number of periods from 175 to 145, hinting more in the direction of aperiodicity in the stack. The predicted reflectance is met best by the La(N)/B multilayer mirror indicating that the La(N)/B multilayer deposition has lower aperiodicity and no significant evolution of interface roughness. The higher aperiodicity of La/N/B multilayer can be explained by the difference in the deposition process. The post N-ion treatment is an additional step in the deposition process and may cause extra instability of the growth process that is best visible for a coating with large number of periods.
However, in both cases the difference between the obtained and predicted reflectance is not dramatic and optimisation of the deposition technology should be able to correct for this.
Conclusions
Experiments with large period multilayers for off normal reflectance of 6.8 nm radiation have demonstrated that the material combination of La with B shows sufficient optical contrast to obtain almost theoretical reflectance values if the influence of interface roughness can be reduced.
Analysis of short period La/B multilayer structures for normal incidence reflectance of 6.8 nm light has revealed that the multilayer has a low optical contrast that is most likely caused by intermixing between the layers. In order to prevent this intermixing two techniques of nitridation of La, namely post N-ion treatment of the thin La layer and reactive La sputtering in a N 2 atmosphere have been applied to deposit LaN/B multilayers. The nitridation of La in both cases increases the optical contrast between La and B significantly and consequently increases the EUV reflectivity. The nitridation does however not change the total width of the interfaces, leaving ample room for further improvements.
The optical contrast of LaN/B multilayer stacks is also limited by the presence of N atoms in the B layers and should be reduced by further improvement of the nitridation process. The highest normal incidence reflectivity of 57.3% at 6.65 nm was measured from the 175 period La(N)/B multilayer stack. The measured reflectivity is slightly less than the calculated value of 60% that is based on the reconstructed multilayer structure. The difference can be explained by a minor error in periodicity or roughness growth for large number of periods, but no major changes of structure caused by the multilayer growth process is expected.
